Aim of this study was to investigate effects of space thickness and consistency of wash materials on sulcus depth reproduction with silicone impressions, low (L), medium (M), and very high consistency (VH), using two-step putty-wash technique. Impressions were taken from truncated cones with 50-, 100-, or 200-μm-wide sulci, using the combinations L+VH or M+VH and different space thickness for wash materials: 2 mm (ST2), 1 mm (ST1), and approximately 25 μm (ST0.025). Sulcus depth reproduction tended to increase with increasing sulcus width. Sulcus reproduction of ST0.025 was deeper than those of the other groups. At 100-and 200-μm sulcus widths, sulcus reproductions of ST1 and ST2 with L+HV were deeper than with M+HV. Regardless of consistency, the thin spacer produced deep reproduction. Adequate 0.5 mm sulcus reproductions were obtained with 100 and 200 μm wide sulci and 1-and 2-mm spacer widths, combined with low consistency impression material.
INTRODUCTION
An accurate impression is the essential first step for fabrication of indirect restorations. Since additioncuring silicone rubber impression materials (polyvinyl siloxane, PVS) demonstrate low curing shrinkage and high dimensional stability, they are frequently used for impressions requiring high accuracy [1] [2] [3] . Several impression techniques have been suggested. So-called putty-wash techniques are commonly used and classified as one-step or two-step techniques. With the one-step technique a low or medium consistency wash material is syringed on and around the prepared tooth, and then freshly mixed very high or putty consistency material, loaded in a stock tray, is seated over the wash material. This procedure is commonly referred to as double-mix technique. With the two-step technique a primary impression is taken with putty consistency material. Following setting the primary impression is removed from the mouth and a low or medium consistency wash material is delivered around the prepared tooth prior to re-seating of the primary impression [4] [5] [6] .
Dimensional accuracy of master dies and full reproduction of the preparation finishing line are important prerequisites for indirect restorations. The ideal preparation finishing line is suggested 0.5 mm beneath the gingival margin 7) . Reproduction of the preparation finishing line is presumably related to the penetration ability of the impression material into the gingival sulcus. To evaluate penetration ability of impression materials, several test methods have been reported, such as the shark fin test and sulcus simulation models. The shark fin test was developed as a simulated application of impression materials reflecting flow properties. Using a device consisting of a split cylinder with a V-shaped slit, the fin height of the penetrated impression material is determined 8) . A linear simulation model was designed to evaluate penetration characteristics of elastomeric impression materials, using agar gel as the moist gingival/periodontal tissue 9) . Based on this concept, a three-dimensional simulation model, a truncated steel cone surrounded by a 2 mm-deep sulcus at different widths using hydrocolloid material as the gingival tissue has been presented 10, 11) . Using this three-dimensional model, the effects of consistencies of impression material with the single-and the doublemix techniques on the sulcus depth reproduction were evaluated 10) . No practically significant difference in sulcus depth reproduction was detected among the consistencies of impression material when the sulcus width was 200 μm. The effects of hydrophilicity of the impression material and impression temperature with the single-and the double-mix techniques on the sulcus depth reproduction were also investigated 11) . The practical relevance of the studied variables is however limited when the sulci are opened to a width of approximately 200 μm using a suitable retraction technique, even though some statistically significant differences were found in sulcus-reproducing ability with hydrophilic and hydrophobic impression materials
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Nevertheless the two-step technique has been widely used in clinic; however, sulcus depth reproduction using the two-step putty-wash technique has not been clearly confirmed. Sulcus reproduction with impression materials might be related to the chemical nature of the impression material, the viscosity or flow properties of the mixed material at the time of application, the wettability of moist tissue, the water replacement ability, and the straining tolerance of the impression material 11) . Therefore, the effects of the consistency of the impression materials and the sulcus width on the sulcus depth reproduction using the two-step technique were evaluated in the present study.
Regarding effects of the space provided for the wash material using the two-step putty-wash technique on impression accuracy, uniform 1-and 2-mm thick spaces left for the wash material resulted in highly accurate impressions and stone dies 12, 13) . However, no published data exist regarding the relationship between the thickness of the space provided for the wash material and the penetration ability of the impression material into the gingival sulcus.
The null hypothesis of the present study was that the space thickness provided for the wash material and the consistency of the wash material had non influence on sulcus depth reproduction with the addition-curing silicone impression material using the two-step puttywash technique.
MATERIALS AND METHODS

Materials
Addition-curing silicone-rubber impression materials with three consistencies were used: low consistency (Fusion II Wash Type, Lot 1006071, GC Corp., Tokyo, Japan), medium consistency (Fusion II Monophase Type, Lot 1006231, GC Corp.) and very high consistency (Fusion II Putty Type, Lot 1005121, GC Corp.).
The low and medium consistency materials were extruded from a dual chamber cartridge through a static mixing tip, and mixed in equal quantities for use. The first two centimeters extruded were discarded and following mixed portions were used to produce test specimens. The very high consistency material was mixed in standardized proportion, 3 g/3 g, by hand for 20 s according to the manufacturer's instruction.
Testing device
A testing device was used simulating a prepared tooth (truncated stainless-steel cone, 8 mm high, 8-mm base diameter, 10-degree convergence angle) surrounded by a 2-mm-deep sulcus extending apically from the prominence line ( Fig. 1) 10, 11) . The widths of the sulci were 50, 100, and 200 μm, respectively. The "root surface" was in steel and the "gingival tissue" in agar for electrophoresis (Agarose S, Nippongene, 6 mass%). The agar was filled in a supporting steel ring. The agar was used for one impression only. Impressions of the master die and surrounding sulcus were taken by the two-step putty-wash technique, using a cylindrical and effectively perforated steel tray, 17 mm in diameter and 12 mm in height. The master die fitted on the arm of a stand, was centrally positioned into the tray. The distances between the top surface of the master die and the tray were adjusted to be 4, 5, and 6 mm using the stopper of the stand.
Impression taking
Three space thicknesses provided for the wash material, 2 mm (ST2), 1 mm (ST1), and approximately 25 μm (ST0.025), were examined. Copings of 2-and 1-mm thickness made of autopolymerizing resin (Unifast III, GC Corp.) were prepared with the brush-on technique on the master die, and ground to uniform thickness and the specified dimensions using tungsten carbide bur and SiC paper. The coping or a sheet of 25-μm thick polyethylene film (Polyethylene films, GC Corp.) was seated on the master die for a spacer 12) . In the first step, the mixed putty impression was filled into the tray and the master die was inserted into the center of the tray using the arm of the stand. The distances between the top surface of the master die and the tray bottom of 4, 5, and 6 mm were used for impressions of ST0.025, ST1 and ST2, respectively. After 4 min from the start of putty impression mixing, the master die was removed from the tray and the putty impression outside the top edge of the tray, except for ST0.025, was trimmed using a knife. In the second step, the coping or the sheet was removed; 1 g of the wash material was loaded into an impression syringe (Penta, 3M ESPE AG, Seefeld, Germany) from the static mixing tip, and delivered around the master die and the sulcus at 12 min from the start of mixing of putty impressions. The impression tray was immediately filled flush with the wash material delivered through the static mixing tip. Finally, the covered master die was slowly pushed into the tray. The second step was completed within 60 s from the start of extrusion of the mixed paste. The impressions left at ambient laboratory atmosphere were removed from the master die with a quick jerk after 15 min from the start of extrusion. The removal time of the impression was three times longer than the setting time according to the manufacturer's instruction in order to compensate for the prolonged setting reaction at room temperature compared to oral cavity temperature.
Five impressions were taken for each testing group (two wash materials, three space thicknesses, three sulcus widths). Experimental procedures were performed at 23±2ºC.
Measurement of sulcus reproduction
The height of the impression material rim, showing the depth of the reproduced sulcus, was determined using a laser analog sensor (IA-030, Keyence, Osaka, Japan). The resolution was 1 μm. The standard deviation of ten measurements, which is considered as the measurement error, was less than 5 μm. The upper surface of the supporting steel ring surrounding the agar was defined the reference plane, which was at the same level as the prominence line of the master die. The heights of the impression rims from the reference plane were determined at eight measuring points, 45° apart. The heights of the impression rims were not uniform at some conditions; therefore the median of the eight measurements was considered the representative value for the impression.
Statistical analysis
The depths of the sulcus reproduction with three different space thicknesses were analyzed by two-way analysis of variance (ANOVA) for the main factors: wash material and space thickness. Tukey honestly significance difference (HSD) comparisons were used to analyze the individual data. The level of significance was set at p<0.05. Figure 2 shows typical cross section view of ST2, ST1, ST0.025 impressions. The space thicknesses of the wash material for ST2 and ST1 were uniform whereas the space thickness was non-uniform for ST0.025. The averages and standard deviations of sulcus depth reproduction of 50-, 100-, and 200-μm wide sulci are shown in Figs. 3, 4, and 5, respectively. Sulcus depth reproduction had a tendency to increase with an increase of the sulcus width. Generally, sulcus reproduction of ST0.025 was deeper than with the other groups. However, the impression of ST0.025 often penetrated into more than 2 mm, which suggest detaching the "gingival tissue" agar from the "root surface" steel.
RESULTS
Regarding the 50-μm wide sulcus, 2-way ANOVA revealed significant differences among the space thicknesses, yet not for the wash material and their interaction ( Table 1 ). The sulcus depth reproduction of ST0.025 was significantly greater than those of the alternative groups; ST1 and ST2 were not significantly different. Regarding 100-μm wide sulcus, 2-way ANOVA revealed that the two main factors, wash material and space thickness, and their interaction were significant. The sulcus depth reproduction of ST0.025 was not significantly different regardless the consistencies of the wash material, and significantly greater than those of ST1 and ST2. The sulcus depth reproductions of ST1 and ST2 were not significantly different when the same wash material was used; the sulcus depth reproductions of ST1 and ST2 using the low consistency material were significantly greater than those using the medium consistency material. Regarding the 200μm wide sulcus, 2-way ANOVA revealed that the two main factors and their interaction were significant. The sulcus reproductions of ST0.025 and ST1 using the low consistency material were not significantly different and deeper than those of the other.
DISCUSSION
The reproduction of a sulcus is of primary importance when the preparation finishing line is located subgingivally. The model used in the present study has reportedly been designed in an attempt to simulate clinical situations 10, 11) . The initial change of consistency of the impression materials at oral cavity temperature has been reported earlier than that at room temperature 14) . However, there was little practically relevant difference of penetration ability between impression making at room and oral cavity temperature using this model in the previous study 11) . Therefore, this model was considered suitable for comparison of the penetration ability of different space thicknesses provided for the wash material and different consistencies of the wash material under the moisture and elasticity conditions of the agar material. The null hypothesis, that the space thickness provided for the wash material and the consistency of Bars with the same letter were not significantly different. the wash material had non influence on sulcus depth reproduction with the addition-curing silicone impression material using the two-step putty-wash technique, was rejected. The space thickness of the two-step putty-wash technique is an important factor for penetration ability of the impression material. The sulcus depth reproductions of ST0.025 using the low and very high consistency materials regardless sulcus width were almost equal to those using the low and high consistency materials with the one-step technique reported in a previous study 10) , whereas those of ST1 and ST2, apart from ST1 using the low consistency material of the 200-μm sulcus width, were less than those in the previous study. These results suggested that the wash material did not easily escape from the primary impression when the space thickness was thin. As a result, the wash material was forced under heavy seating pressure and penetrated deeply into the sulcus. In contrast, the putty impressions outside the top edge of the tray of ST1 and ST2 were trimmed and there were 1-or 2-mm distance from the top edge of the tray to the upper surface of the supporting steel ring surrounding the agar, which was at the same level as the prominence line of the master die. Therefore, the wash material escaped easily from the primary impression space without sufficient pressure to penetrate into the sulcus. Sulcus depth reproduction had a tendency to increase with an increase of the sulcus width. Regarding 50-μm sulcus width, the sulcus reproductions of ST1 and ST2 are presumably not adequate for full reproduction of the ideal preparation finishing line that is located 0.5 mm beneath the gingival margin 7) . Therefore, a thin spacer for the wash material is desirable to obtain deep sulcus reproduction when the sulcus was not adequately open. Regarding 100-μm sulcus width, the sulcus reproductions of ST1 and ST2 using the low consistency material were deeper than those using the medium consistency material. The viscosity of a fluid is its resistance to flow 3) . Consequently, the low consistency material penetrated into the sulcus deeper than the medium consistency material when the same load was applied on these materials. Therefore, the low consistency wash material is considered effective for good sulcus reproduction when the sulcus opening was moderate. Regarding 200-μm sulcus width, all impressions obtained adequate sulcus reproductions of 0.5 mm. These results confirm the findings in previous studies 8, 10, 11) . As a result, opening of the sulcus to approximately 200-μm width using a correct retraction cord technique is considered effective for good sulcus reproduction. When the sulcus widths were 100 and 200 μm, the impressions of ST0.025 often penetrated more than 2 mm indicating that the impression materials penetrated between the agar and the steel root surface. In case of both the thin spacer and adequate sulcus opening, heavy seating pressure is created forcing the impression material beyond 2 mm depth of the sulcus.
The model used in the present study has been designed to simulate clinical situations; however this experiment was performed at room temperature. Moreover, the model had neither undercut in the sulcus nor undercut of neighboring tooth, as often found in clinical case. The setting temperature and the undercuts might affect the reproducibility of the sulcus.
The effects of the space provided for the wash material using the one-and two-step putty-wash technique on impression accuracy have been reported 12, 13) . Uniform 1and 2-mm thick spacers for the wash material resulted in highly accurate impressions and stone dies, whereas the polyethylene film spacer resulted in non-uniform dimensional changes of impressions and resulting stone dies. Future studies are needed to evaluate the relationship between the sulcus depth reproduction and the die accuracy using the two-step putty-wash technique with different spacer thicknesses.
CONCLUSIONS
Within the limitation of the present study, it can be concluded that the thin spacer provided for the wash material results in deep sulcus reproduction using the two-step putty-wash technique regardless the consistency of the wash material. When the sulcus was opened 100 and 200 μm wide, 1-and 2-mm spacer combined with application of the low consistency material results in adequate sulcus reproduction of 0.5 mm.
